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How eukaryotic chromosomes are compacted during mitosis has been a lead-
ing question in cell biology since the nineteenth century. Non-histone proteins
such as condensin complexes contribute to chromosome shaping, but appear
not to be necessary for mitotic chromatin compaction. Histone modifications
are known to affect chromatin structure. As histones undergo major changes
in their post-translational modifications during mitotic entry, we speculated
that the spectrum of cell-cycle-specific histone modifications might contribute
to chromosome compaction duringmitosis. To test this hypothesis,we isolated
core histones from interphase and mitotic cells and reconstituted chromatin
with them. We used mass spectrometry to show that key post-translational
modifications remained intact during our isolation procedure. Light, atomic
force and transmission electron microscopy analysis showed that chromatin
assembled from mitotic histones has a much greater tendency to aggregate
than chromatin assembled from interphase histones, even under low mag-
nesium conditions where interphase chromatin remains as separate beads-
on-a-string structures. These observations are consistent with the hypothesis
that mitotic chromosome formation is a two-stage process with changes in
the spectrum of histone post-translational modifications driving mitotic chro-
matin compaction, while the action of non-histone proteins such as condensin
may then shape the condensed chromosomes into their classic mitotic
morphology.1. Introduction
Dividing eukaryotic cells must partition their genomes equally between daughter
cells. To enable this, interphase chromosomes undergo a dramatic transformation
into condensed linear bodies that can be partitioned by the mitotic spindle with-
out becoming tangled or trapped at the division plane. How this transition occurs
has been an important question since Flemming’s initial description ofmitosis [1].
During interphase, chromosome geometry reflects the need to regulate gene
expression. Chromosomes occupy distinct territories within the nucleus, their
position being correlated with their transcriptional activity. Hi-C experiments
showed that each chromosome is divided into ‘compartments’—regions of high
or low gene expression [2]. These compartments are further subdivided into topo-
logically associated domains (TADs), which bring distal enhancer sites into close
proximity to their cognate promoters. Upon entry into mitosis this hierarchical
structure is lost, and the chromosomes instead exhibit global, locus-independent
interactions of genome sites less than 10 Mb apart [3].
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Figure 1. Purification of histones from asynchronous and nocodazole arrested
cells. (a) A scheme for purification of histones from DT40 cells while preser-
ving cell-cycle-regulated post-translational modifications. (b) A typical
Coomassie-stained SDS-PAGE gel of purification steps: Lane 1—acid lysis
supernatant. Lanes 2–6—dilution series of pooled ion-exchange eluate.
Lanes 7–12—elution fractions after size exclusion chromatography (SEC).
(c) Summary of mass spectrometry (MS) analysis of the isolated histones.
Plot of log10 of peptide intensities and log2 of mitotic enrichment. Red, his-
tones; blue, ribosomal proteins; grey, other contaminating proteins. Inset pie
chart shows the total sum of peptide intensities for these proteins.
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ture of mitotic chromosomes. Early electron microscopy (EM)
studies led to a model of chromosomes consisting of chromatin
randomly folded like spaghetti [4]. A later model proposed
loops organized around a central scaffold of non-histone
proteins [5,6]. Alternative models proposed a hierarchical
organization of coils or folded domains of increasing size
[7,8]. Recent evidence elaborated this theory to suggest that
the hierarchically folded domains were organized by a central,
condensin rich scaffold [9]. However, in silicomodelling found
that the chromosome organization observed by Hi-C could not
be explained by an arrangement of hierarchically folded
domains but was probably due to the presence of consecutive,
stochastically positioned chromatin loops, of approximately
80 kb [3]. The formation of these loops was not dependent on
the presence of a central scaffold; however, such a structure
could not be excluded, and could contribute to stabilizing the
chromosome axis.
The ‘chromosome scaffold’ was originally identified as a
proteinacious structure that could be derived from mitotic
chromosomes after nuclease digestion and extraction of
most proteins [10]. The known functional components of
the chromosome scaffold include condensin [11], topoisome-
rase II [12] and Kif4A [13]. These proteins are localized along
the length of the chromosome axis and contribute to shaping
and stabilizing mitotic chromosomes [14]. Condensin is
required to re-model Xenopus sperm chromatin into mitotic
chromatids [15]. However, depletion studies in several
species suggest that it is not essential for mitotic chromosome
formation in vivo, although condensin-depleted chromo-
somes are structurally compromised, decondensing and
forming massive chromatin bridges in anaphase [16–18].
This loss of chromosome integrity can be avoided if protein
phosphatase 1 is prevented from targeting to anaphase
chromosomes [19]. These results led us to speculate that
mitotic chromosome formation might consist of two
independent, parallel processes: chromatin compaction and
chromosome shaping.
Chromosome shaping involves the disassembly of TADs/
compartments and the arrangement of chromatin into
loops, possibly through interactions with scaffold compo-
nents. However, the reasons behind the two- to fourfold
compaction that chromatin undergoes during mitotic
chromosome formation have not been extensively addressed.
Here, we ask whether histones themselves can drive
mitotic chromatin compaction. Early studies showed that the
histone N-terminal tails were important for the formation of
higher order chromatin structure [20]. Studies using homo-
geneously modified histones [21] revealed that chromatin
compaction can be achieved either through an increase in
short-range inter-nucleosomal contacts, e.g. H4 tail interaction
with an acidic patch on H2A, or via global chromatin aggrega-
tion [21–25].
In this study, we have addressed the mechanisms pro-
moting mitotic chromatin compaction in higher eukaryotes.
We reconstituted chromatin using histones isolated from
interphase and mitotic cells. These histones contain distinct
sets of post-translational modifications (PTMs), as confirmed
by mass spectrometry. Microscopy analysis of the assembled
chromatin molecules revealed a reproducible increase in
the aggregation of chromatin reconstituted with mitotic
histones, suggesting that mitotic chromatin compaction
could be in part driven by changes in histone PTMs.2. Results
2.1. Isolation of histones retaining post-translational
modifications
To understand the role of histone PTMs in mitotic chromatin
condensation, we adopted an in vitro approach, whereby we
could detect differences in the compaction of nucleosome
arrays reconstituted with histones bearing cell-cycle-regulated
PTMs. For this purpose, we purified histones from DT40
chicken lymphoma cells that were either in log phase (5%
mitosis) or mitotically arrested (80–94% mitosis) and used
them to reconstitute chromatin on a tandem array of 25 nucleo-
some positioning sequences [26].
We isolated histones by acid lysis and ion-exchange chrom-
atography, using a strategy (figure 1a) that was previously
reported to preserve even labile PTMs such as histoneH3 phos-
phorylation [27,28], which are lost by conventional isolation
methods [29]. Figure 1a,b shows the isolation strategy and
a Coomassie-stained SDS polyacrylamide gel of a typical
purification. The initial acid lysis successfully removed many
acid insoluble proteins (figure 1b, lane 1). Ion-exchange
chromatography enriched for core histones, and we removed
rsob
3
 on October 3, 2017http://rsob.royalsocietypublishing.org/Downloaded from the majority of linker histones by precipitating the ion-
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purified by ion-exchange chromatography
Although highly enriched for histones, low levels of contami-
nants were present in the protein mixture (figure 1b). Mass
spectrometry analysis of a SILAC-labelled interphase and
mitotic protein mixture identified peptides from 594 protein
groups at a false discovery rate (FDR) of 1% and with at least
two razor and unique peptides (figure 1c). Based on estimated
protein abundance from peptide intensities, the histones
accounted for 82% of the sample (figure 1c). The most abun-
dant contaminating proteins were derived from ribosomes
(14% of total peptide intensity). Ribosomal proteins are
highly abundant, small and positively charged. The remaining
4% of peptide intensities were derived from 536 other protein
contaminants, most of which were equally present in the mito-
tic and interphase samples. Importantly, the extract did not
contain peptides from proteins known to be associated with
mitotic chromosome formation (e.g. condensin or cohesin
subunits, topoisomerase II or chromokinesins). This allowed
us to assay the effects of histone PTMs on chromatin compac-
tion without confounding effects from other factors that are
known to play a role in this process.2.3. Characterization of the modification status of the
isolated histones
To validate this method for purifying histones, we performed
immunoblots for several of the most labile PTMs found on
mitotic histones. As examples, we focused on three phosphoryl-
ation sites of histone H3. H3T3ph is a target of Haspin kinase in
mitosis [30]. H3S10ph is phosphorylated by Aurora B kinase in
mitosis [31]. H3T11ph is phosphorylated in response to gene
activation and is not cell-cycle regulated [32,33]. Figure 2a
shows that these modifications were readily detected in the
isolated histones and that H3T3ph and H3S10ph were substan-
tially enriched in mitosis, whereas H3T11ph was found in both
interphase andmitotic histones. Histone H3 phosphorylation is
not detected in histones frommitotic chromosomes isolated by
conventional methods [29].
To further characterize the global differences in canonical
histone PTMs between interphase and mitosis, we performed
SILACexperiments (figure2b), using thehistonepurificationpro-
tocol described above [27,28]Digested histoneswere analysed by
mass spectrometry and the data analysed by MAXQUANT [34].
The identification and quantification information of histone
PTMs was obtained from the MAXQUANT ‘Sites’ tables, followed
by filtering (see Material and methods section).
We display our analysis as heat-maps to highlight changes
in PTMs between interphase and mitotic histones (figure 2c).
Histone H3 phosphorylation of T3, S10 and S28 was highly
selective for the mitotic sample, as was phosphorylation of
H2A on T120. H4K16ac was selective for interphase histones
as previously reported [35]. Also selective for interphase was
H2BK120ub, a mark linked to chromatin de-compaction
[24,36]. Overall themost dramatic changewas observed for his-
tone acetylation, with core histones having from two (H2A) tofive (H2B) sites of acetylation that were preferentially enriched
in interphase histones.
Marks that did not change between interphase and mitotic
histones included H420me2, a mark linked to DNA replication
and to CENP-A nucleosomes at centromeres. Also unchanged
were H3K27me2/me3, marks characteristic of polycomb
chromatin and H3K36me2/me3 found in gene bodies of
transcribed genes.
The fact that some histone PTMs coexist in the same peptide
complicates the quantification of certain marks. H3R8me2,
H3K9me2/me3, H3K9ac and H3K14ac all were apparently
increased in mitotic histones. However, these modifications
were only detected on peptides that also contained H3S10ph.
The unphosphorylated (interphase) peptide was not detected
for any of these modifications. As a result, interpretation
of the cell cycle distribution of these modifications is ambigu-
ous, although we can conclude that these marks do exist on
mitotic histones.
Together, this analysis shows that the dramatic increase in
histone phosphorylation that occurs at mitotic entry is
accompanied by an equally dramatic programme of histone
de-acetylation. Since histone acetylationhas longbeenproposed
to be associated with ‘open’ or ‘decompacted’ chromatin, this
suggested that mitotic chromatin might have an intrinsic
tendency to be more compact than interphase chromatin.
2.4. Chromatin reconstitution
Having confirmed the isolation of histones retaining cell-cycle-
regulated PTMs, we next prepared uniform populations of
chromatin molecules that could be used to test whether those
PTMs could promote chromatin aggregation (figure 3a). We
reconstituted chromatin by dialysing the isolated histones
together with a 25mer array of 197 bp Widom-601 sequences
(601-197-25) (figure 3b), which can assemble highly positioned
stable nucleosomes [37]. The array was excised from the vector
bydigestion,with the undigested plasmidbackbone effectively
acting as an internal competitor DNA (figure 3a,b). Reconstitu-
tions were carried out by overnight dialysis of DNA and
histones from 2 M KCl to 0 M KCl buffer.
In order to saturate (but not over-saturate, due to nonspeci-
fic assembly of nucleosomes on the DNA) the array with
assembled nucleosomes, we set up a titration series of reconsti-
tutions with a variety of histone : DNA ratios. In each case, the
extent of reconstitution was monitored by digesting some of
the resulting chromatin with a restriction enzyme (BsrBI) that
cuts within the nucleosome positioning sequence of naked
DNA. When a nucleosome is assembled and positioned on
the 601 monomer DNA, it prevents the enzyme from cutting.
Thus, progressive assembly of the histone array is detected as
a ladder of ascending bands on aDNAgel, ultimately resulting
in a band with a mobility of 5000 bp or greater on agarose gels
(figure 3c). This band corresponds to the fully reconstituted
array. This titration experiment was performed for each new
histone isolate and all experiments compared arrays that had
been reconstituted to a similar extent.
After optimizing the reconstitution conditions, we checked
that the chromatin was properly assembled by digestion of
both interphase andmitotic chromatin withmicrococcal nucle-
ase (figure 3d ). After a brief digestion, we could see a ladder in
the chromatin samples, but not in the naked DNA, which
formed a smear. The chromatin was entirely digested to
nucleosome core particles after longer treatments with the
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Figure 2. Purified histones preserve their PTMs. (a) Immunoblots showing the preservation of labile phosphorylations following acid lysis and ion-exchange chrom-
atography. Ponceau staining of the membrane is shown as a loading control. int, interphase; mit, mitotic. (b) A scheme for SILAC MS of histones. Experiments were
carried out with forward (fwd) and reverse labelling (rev). (c) Summary of cell-cycle-regulated post-PTMs identified by SILAC MS. Colour scale bar for heat-maps
showing stage specific enrichment: cyan, interphase enrichment; magenta, mitotic enrichment. Heat-maps show the calculated cell cycle ratio of PTMs on each of
the four core histones, from two experiments with forward and reverse labelling (as b). Modifications that are enriched more than twofold in either interphase or
mitosis are listed in black. Those that remain unchanged are grey and italic. Modifications whose ratio could not be determined as they were seen only on peptides
bearing mitotic phosphorylation (e.g. H3R2me) are listed in grey.
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somes using AvaI, a restriction enzyme that cuts between
monomers in the array, to confirm that the observed decrease
in BsrBI digestion efficiency was due to correct chromatin
assembly (electronic supplementary material, figure S1).
Running the resulting fragments on a native acrylamide gel
showed that in the fully saturated arrays thatwe used for analy-
sis, all the 601 DNA fragments were shifted and no naked,
faster running DNAwas observed.
We conclude that the reconstitution procedure was
successful and complete, with the array assembling an array
of phased nucleosomes as originally reported [26].2.5. Analysis of chromatin compaction
We used fluorescence microscopy to test if chromatin
assembled with interphase or mitotic histones exhibited differ-
ent propensities to aggregate (figure 4). Recently, it was
reported that changes in higher order chromatin structure
could be assessed by this approach [38]. For this experiment,
reconstituted chromatin was adhered onto poly-lysine-coated
coverslips and stained with Hoechst dye (figure 4).
When naked DNA fragments were bound to the coverslip,
no particles were observed by fluorescence microscopy
at any ionic strength (figure 4a(i,ii)). This was also the case
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Figure 3. Purified histones can be used to reconstitute chromatin on the 601-197-25 array. (a) Scheme of chromatin analysis. After reconstitution the quality of
chromatin was assessed by digestion with BsrBI and micrococcal nuclease. Fully assembled chromatin was subjected to analysis by a variety of microscopy methods.
(b) Vector containing 601-197-25 array. The array is flanked by EcoRV sites. Each 601 monomer contains a BsrBI site. (c) BsrBI digestion was carried out on chromatin
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strength (figure 4b(i)), even at long microscope exposures
(figure 4b(ii,iii)). By contrast, interphase chromatin exposedto 10 mM MgCl2 prior to absorption to the coverslip formed
aggregates that were readily observed following staining
with Hoechst dye (figure 4c(i–iii)). This confirmed previous
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0  
10  
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Figure 4. Chromatin reconstituted with histones derived from mitotic cells aggregates even in the absence of divalent cations. (a) DNAwas absorbed onto poly-L-lysine-
coated glass and stained with Hoechst dye. (b) Reconstituted interphase chromatin absorbed onto poly-L-lysine-coated glass was stained with Hoechst dye. In all panels,
low (i) and high (ii) exposures are shown together with a blow-up of the high exposure (iii). (c) Reconstituted interphase chromatin treated with MgCl2 was absorbed onto
poly-L-lysine-coated glass and stained with Hoechst dye. (d ) Reconstituted mitotic chromatin was absorbed onto poly-L-lysine-coated glass and stained with Hoechst dye.
(e) Reconstituted mitotic chromatin treated with MgCl2 absorbed onto poly-L-lysine-coated glass and stained with Hoechst dye. Scale bar, 5 mm.
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chromatin with chicken erythrocyte histones [38].
A sharp contrast was observed when a similar experiment
was conducted using chromatin reconstituted with mitotic his-
tones. Even in the absence of divalent cations, we could clearly
see what appeared to be aggregates of chromatin stained with
Hoechst dye at high microscope exposures (figure 4d(ii,iii)).
Similar aggregates were seen with 10 mM magnesium at low
and high exposures (figure 4e(i–iii)).
These results show that whereas chromatin reconstituted
with interphase histones behaved similarly to chromatin recon-
stitutedwith chicken erythrocyte histones [38], mitotic histones
isolated and reconstituted, in parallel, can promote chromatin
assembly into higher order aggregates independent of added
divalent cations.2.6. Visualization of mitotic and interphase chromatin
by atomic force microscopy
Todirectly resolve the chromatin aggregates containingmitotic
histones, we next examined similar chromatin samples by
atomic force microscopy (AFM). After reconstitution, the
chromatin was adsorbed onto freshly cleaved mica silanized
with (3-aminopropyl)triethoxysilane (APTES) [39]. The
samples were then examined using tappingmodemicroscopy.
To validate our method, initially we observed supercoiled
plasmid DNA (electronic supplementary material, figure S2a)
and EcoRV-digested plasmid containing the 601-197-25 array
(figure 5a; electronic supplementary material, figure S2b).
Both samples typically showed mono-disperse populations
of DNA particles.
We used IMAGEJ to measure the length of the fragments that
we could see in the digested plasmid sample. Based on the
assumption of B form DNA, we expected to observe a mixed
population with lengths of approximately 1500 nm (for the
5000 bp 601-197-25 array) and approximately 1000 nm (for
the 3000 bp vector backbone). Plotting the lengths of 108 clearly
resolved fragments (figure 5a arrowheads) revealed two dis-
tinct populations: one centred on 1300 nm and the other ataround 800 nm, in reasonable agreement with the predicted
values (figure 5b).
A typical AFM image of chromatin reconstituted with
interphase histones is shown in figure 5c. The population of
interphase chromatin was relatively mono-disperse, but did
not show obvious nucleosomes. Althoughwe could not clearly
see nucleosome beads on all of the interphase chromatin frag-
ments, when we measured their lengths we saw that the major
peak of the distribution was close to 300 nm (figure 5d). This is
fivefold less than the predicted length of the 601-197-25 array,
reflecting the expected degree of compaction if the bulk of the
array had been assembled into nucleosomes. We suspect that
our failure to resolve individual nucleosomes was due to the
fact that the AFM tip used to image these samples was too
wide to resolve them.
Chromatin reconstituted with histones from mitotic cells
exhibited a dramatically different appearance from that
assembled with interphase histones (figure 6). Whereas ran-
domly selected fields of the latter showed predominantly
mono-disperse filaments (figure 6a(i–iii)), many areas of the
mica with mitotic histones had large overlapping aggregates
of chromatin (figure 6b(i–iii)). Where individual molecules
were observed they tended to be collapsed onto themselves.
This strongly suggests that the aggregates detected in the
mitotic sample by fluorescence microscopy in figure 4 were
composed of compacted chromatin. As the only difference
between the interphase and mitotic chromatin reconstitutes
was in the histones, this suggests that chromatin assembled
from mitotic histones exhibits a greater propensity to aggre-
gate under these conditions than chromatin assembled from
interphase histones. The most likely explanation for the
differences observed between the two chromatin preparations
is the different modification status of the histones used.
Although the above results were compelling, we were con-
cerned that non-histone components present in the protein
purifications could contribute to the aggregation of chromatin
seen in the mitotic samples. In addition, we could not directly
observe nucleosomes on the reconstituted chromatin frag-
ments even though micrococcal nuclease digestion and
restriction enzyme analysis suggested full reconstitution of
the 601-197-25 array.
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Figure 5. Reconstituted chromatin shows 2.7- to 4.3-fold compaction relative to DNA. Tapping mode AFM was used to image (a) DNA or (c) interphase chromatin
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microscopy
To address these concerns we purified reassembled histone
octamers and used transmission electron microscopy (TEM)
tovisualize the chromatin.NaClwas added to the ion-exchange
eluate to form histone octamers that were fractionated by size
exclusion chromatography (SEC) [37]. Fractions 21–26
appeared to have an equivalent stoichiometry of each of the
four histones and many fewer contaminating proteins
(figure 1b, lanes 7–12). When analysed by mass spectrometry,
we found that after SEC the proportion of peptide intensity
derived from histones increased to 98% and 99% for the inter-
phase and mitotic sample, respectively.
Chromatin for TEM analysis was assembled on the
601-197-25 DNA array using histone octamers, mixed with
benzylalkyldimethylammonium chloride (BAC) and allowed
to adsorb onto carbon-coated grids, with the concentration of
chromatin being adjusted based on the A260. The carbon
grids were then rotary shadowed with platinum to allow
visualization of the chromatin by TEM. As a control for
condensed chromatin, we also examined chromatin that
had been fixed in the presence of 10 mM MgCl2.
In this analysis, the chromatin assembled with interphase
histones appeared as mono-disperse ‘beads-on-a-string’
structures (figure 7a; electronic supplementary material,
figure S3a,b). We observed a mixture of DNA fragments with
nucleosomes all along their lengths and those that weremostly naked with only a few randomly spaced nucleosomes.
We postulate that the former were 601-197-25 arrays saturated
with phased nucleosomes, while the latter likely corresponded
to plasmid backbone DNA fragments on which nucleosome
assembly was less efficient and nucleosome positioning was
less ordered. The reconstituted molecules often showed intra-
molecular folding (white arrowheads), forming small clusters
(see also figure 7f(ii)), however we did not see many large
aggregates in the interphase sample.
By contrast, interphase chromatin that had been fixed in the
presence of 10 mM MgCl2 (figure 7b—the counterpart of the
images shown in figure 4c) did form large aggregates, although
some individualized chromatin fragments could still be seen
(figure 7b; electronic supplementary material, figure S3c,d).
The latter lacked detectable nucleosomes, suggesting that
nucleosomeswereadriving factor in the formationofaggregates.
When we examined chromatin assembled with isolated
mitotic histone octamers, we observed some individual
beads-on-a-string fibres similar to those observed in the inter-
phase sample (figure 7a,c). However, we also saw many
aggregates that resembled those observed with AFM
(figure 7c; electronic supplementary material, figure S2c). As
in the case of light microscopy (figure 4c,e), the MgCl2-treated
samples of both types of reconstitutes were very similar
(figure 7b,e). As there was a high density of chromatin seen
on the mitotic grids (figure 7c), we also present a field from a
grid that had less total chromatin adhered to it in order to
better resolve aggregated chromatin (figure 7d ).
(a) (b)
interphase mitotic 
(ii) (ii)
(iii) (iii)
(i)(i)
Figure 6. Chromatin fragments assembled with mitotic histones form
tangled aggregates. Chromatin reconstituted with interphase (a(i– iii)) or
mitotic (b(i– iii)) histones was adsorbed onto freshly cleaved mica silanized
with APTES. Samples were imaged in tapping mode. AFM height analysis of
chromatin assembled with interphase histones or mitotic histones. Scale bar,
500 nm.
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matin assembled with mitotic histones shows a greater
propensity to aggregate than does chromatin assembled with
interphase histones. To perform this analysis, we lowered the
concentration of chromatin adhered to microscope grids, so
that the chromatin fragments were more clearly resolved from
one another. We examined twenty 4.75 mm2 fields for both
interphase and mitotic samples in the absence of magnesium
ions. We classified visible particles either as individual strands,
‘small clusters’ or ‘large clusters’. Figure 7f shows representative
chromatin particles from each category. Particles that clearly
consisted of many entangled arrays were assigned to the
‘large cluster’ category (figure 7f(iii)). Particles assigned to the
‘small cluster’ category were those where a single chromatin
fibre could not be clearly resolved either because it showed
intra-molecular folding or because the cluster consisted of a
small number of fibres compacted together (arrowhead)
(figure 7f(ii)).
For each condition we classified more than 500 particles
(I ¼ 609, M ¼ 569). We found that although the majority of
particles in both conditions appeared as individual strands,
there were more than twice as many ‘large clusters’ formed
by mitotic chromatin strands as interphase (1.55 versus 0.65
per field) (figure 7g). Indeed, whereas all fields in the mitoticsample contained at least one large cluster, most fields in the
interphase sample did not (figure 7h). When we compared
the two samples using the x2-test we found a significant
difference between the two conditions ( p ¼ 0.00373).
We conclude that ordered chromatin arrays assembled
from mitotic histones exhibit a significantly increased ten-
dency to aggregate into large clusters relative to arrays
assembled from interphase chromatin.3. Discussion
We previously reported that mitotic chromosomes can form
and segregate in chicken DT-40 cells depleted of at least 95%
of their condensin complexes, provided that Repo-Man was
prevented from targeting protein phosphatase 1 to anaphase
chromatin [19]. At the time, we proposed the existence of an
activity termed the regulator of chromosome architecture
(RCA) that collaborated with condensin to compact mitotic
chromosomes. Subsequent analysis of the protein composition
of mitotic chromosomes revealed no obvious candidate for
RCA, leading us to hypothesize that it might correspond to
the spectrum of post-translational modifications (PTMs) pre-
sent on core histones during mitosis (see, e.g. the PMM mark
[40]). Recent studies of the involvement of Repo-Man in
chromatin remodelling further support this hypothesis [41].
Results presented here suggest that changes in the PTMs
of core histones may have a significant role in promoting
chromatin compaction during mitosis and could correspond
to RCA. Although the individual effects of several of the
identified modifications on chromatin structure have been
investigated previously, their combined effects have not.
Because there is such a complex spectrum of histone PTMs,
we felt that focusing on the effects of individual modifi-
cations could miss the effects of combinatorial changes that
might be driving chromatin compaction.
A mass spectrometric survey of PTMs on core histones
isolated from both interphase and mitotic cells confirmed
the mitotic enrichment of phosphorylations introduced by
the Aurora B and Bub 1 kinases (H3S10ph and S28ph).
Although many methylations, such as those on H3K27,
remained unchanged, we found a dramatic de-acetylation
of core histones H2B, H3 and H4 during mitosis. This could
potentially trigger higher order chromatin associations by
increasing electrostatic interactions mediated by the histone
tails.
Recent studies in Saccharomyces cerevisiae [42] proposed
that mitotic compaction is largely due to increased interactions
of the H4 tail with an acidic patch on H2A subsequent to mito-
tic de-acetylation ofH4K16. Introduction of an arginine residue
(which cannot be acetylated) at H4 position 16 led to an
increase in interphase chromatin compaction. However,
despite the finding that loss of Kat8/MOF (the enzyme respon-
sible for H4K16 acetylation) [43] resulted in a global increase of
chromatin compaction, developmental changes in H4K16ac
did not correlate with changes in chromatin compaction [44].
We suspect that in higher eukaryotes other histone modifi-
cations also contribute to mitotic chromatin compaction.
Indeed, we confirmed that H4K16 was significantly de-acetyl-
ated in mitosis, but several sites on H2B showed an even
greater extent of de-acetylation.
Studies in vitro have clearly illustrated that a single histone
PTMwhen homogeneously present can dramatically affect the
interphase 0.06 mitotic 0.06 
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average number of
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forms per field
strand small cluster large cluster
strand small cluster large cluster
interphase
mitotic
interphase
mitotic
27.35 2.45 0.65
25.3 1.6 1.55
fields with type of
particle visualized (/20):
20 16 8
20 13 20
(d)
(g)
( f )
(h)
Figure 7. Transmission electron micrographs of reconstituted interphase and mitotic chromatin. Chromatin was mixed with BAC to adhere to carbon-coated grids
and rotary shadowed with platinum and imaged by TEM. (a,b) Chromatin reconstituted from interphase histones in the absence (a) and presence (b) of 10 mM
Mg2þ ions. (c,d,e) Chromatin reconstituted from mitotic histones in the absence (c,d) and presence (e) of 10 mM Mg2þ ions. (a,c,d) A series of increasing mag-
nifications of a typical field of view. Scale bar, 500 nm. Row 2 ¼ 0.94 mm wide. Row 3 ¼ 0.5 mm wide. (a–c,e) Representative images of grids prepared with
A260 ¼ 0.06 of chromatin, and (d ) from a grid prepared with A260 ¼ 0.04 of chromatin. ( f ) Examples of chromatin particles classed as (i) individual strands,
(ii) small clusters and (iii) large clusters. Small cluster is indicated with white arrowhead (also three small arrowheads in (a)). Scale bar, 100 nm. (g) Mean number of
particles found per field of view of interphase and mitotic grids. (h) Number of fields of view showing respective particle types for interphase and mitotic samples.
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to occur at such a high density. However, both Wilkins et al.
[42] and Li et al. [43] demonstrated that changes in physiologi-
cally relevant levels of histone modifications could affect
chromatin structure.
Based on our finding that mitotic chromatin is compacted
in conditions where de-acetylated chromatin assembled with
recombinant histones [45] is unfolded (e.g. in the presence of
EDTA), we suggest that the combined effect of changing mul-
tiple sub-stoichiometric modifications may suffice to promote
mitotic chromatin compaction. It is unlikely that the increase
in aggregated chromatin is due to the presence of contami-
nating proteins, because we still saw this phenotype even
after SEC fractionation of histones, which reduced non-histone
proteins to less than 2% of the protein mixture.
The identity of the PTMs on the histone tails that promote
inter-array interactions remains to be determined. Among poss-
ible candidates, we observed deubiquitination of H2BK120 in
mitosis, which would be expected to promote chromatin com-
paction [24]. In addition, tri-methylation of H4K20, which has
also been linked to chromatin compaction, increased in mitosis,
albeit only slightly [23].
Eviction of hyper-phosphorylated linker histone frommito-
tic chromatin [46] was recently proposed to be a significant
factor in driving mitotic compaction [47]. Here, we removed
the linker histones from our protein purifications in order to
avoid the confounding effects that they exert on higher order
structure.Our results suggest that even though the organization
of chromatin loops into folded structures (as modelled in
Grigoryevet al. [47]) isdependenton thepresenceof linkerhistone
under certain conditions, mitotic chromatin compactionmight
also be driven, at least in part, by core histone tail interactions.
Our reconstitution protocol aimed to produce uniform chro-
matin particles where all positioning sequences on the Widom
601 array were occupied by nucleosomes bearing the physio-
logical range of PTMs from interphase and mitotic cells. An
unexpected finding was that chromatin reconstituted with
mitotic histones formed significantly more aggregates than
interphase chromatin, even in the absence of divalent cations.
These aggregates, which formed in a low salt buffer containing
EDTA, were visualized by several different techniques. This
was unprecedented because in previous studies (e.g. [38]) and
in our own studies of chromatin reconstituted with interphase
histone octamers, aggregation of chromatin fragments was
only seen after the addition of at least 4.5 mM Mg2þ.
The effects of divalent cations on chromatin structure have
been investigated since the finding that chromatin purified
from rat liver nuclei increased its compaction, from 10 nm to
wider solenoidal filaments upon addition of MgCl2 [48]. If
the linker histones were removed, chromatin did not form
organized solenoids, but it still increased in compaction upon
addition of magnesium ions. Assembly of chicken erythrocyte
nucleosomes on a defined DNA template containing a 12mer
array of nucleosome positioning sequences revealed that the
chromatin existed in an equilibrium of several soluble folded
states [45]. After treatment with magnesium the chromatin
was also shown to form insoluble aggregates.
The role of histone N-terminal tails in these structural
transitions was examined by using octamers where either
H3/H4 or H2A/H2B had been trypsinized [49,50]. Although
fully trypsinized octamers failed to oligomerize, and there-
fore remained soluble in the presence of magnesium ions
[49], oligomerization could still occur when H3/H4 tailshad been removed by trypsinization [49]. Subsequent studies
using recombinant histones (either full length or with the N-
terminal tail deleted) highlighted the importance of the H4
N-terminal tail interaction with the acidic patch of histone
H2A for intra-molecular chromatin fibre compaction [22].
In our TEM analysis, we identified three classes of particles
in both interphase and mitotic samples under conditions
where there were no divalent cations present in the buffer:
those thatwere clearly separate, small clusters and large clusters.
Particles classed as small clusters could involve several mol-
ecules or be the result of intra-molecular folding. Large
clusters represent oligomerized/aggregated species. We found
that the greatest difference between interphase and mitotic
sampleswas in the frequencyof large clusters.As theonlydiffer-
ences between the interphase and themitotic chromatin were in
the histone PTMs,we suggest that changes in the PTMs alter the
charge properties of the chromatin fibres in such awayas to pro-
mote the formation of inter-fibre interactions. In vivo this
propensity for stabilizing inter-fibre interactions might promote
the formation of a polymer-melt structure within mitotic
chromatin [51].
We propose that changes in core histone PTMs promote the
stabilization of local interactions between chromatin strands.
This aggregation, together with the increased fibre flexibility
due to decreased linker histone occupancy [47], may promote
the formation of chromatin loops that are extruded by conden-
sin complexes to reshape the chromosomes into compact linear
bodies. Thus, we propose that mitotic chromosome formation
can be divided into two parallel processes: chromatin compac-
tion due to changes in histone post-translational modifications
coupled with condensin-dependent shaping.4. Material and methods
4.1. Cells
DT40 cellswere grown inRPMImedium (Gibco) supplemented
with 10% fetal bovine serum (FBS; Labtech), 1% chicken serum
(Gibco) and 100 U ml21 penicillin/streptomycin at 398C, 5%
CO2. To arrest cells in mitosis, cultures were treated for 12–
14 h with 0.5 mg ml21 nocodazole (Sigma-Aldrich). For SILAC
labelling cells were grown in RPMI media (Invitrogen) with
10% (v/v) dialysed FBS (Sigma), 100 mg ml21 U-13C615N2-l-
lysine : 2HCl and 30 mg ml21 U-13C615N4-l-arginine : HCl
(Sigma) for six cell cycles.
To measure the mitotic index, cells were adhered to Poly-
sine slides (VWR). Slides were incubated in 75 mM KCl for
4 min at room temperature and fixed in 75% methanol/25%
acetic acid. The slides were inspected under a light micro-
scope and 1000 cells were counted for each condition.4.2. Isolation of histones
Cells (400  106) were washed in phosphate buffered saline
(PBS) and pelleted. The pellet was resuspended in 0.1 M
H2SO4, incubated at 48C with rotation for 2 h. The lysate
was spun to pellet the cell debris. An equal volume of 1 M
Tris–Cl, pH 8 was added to neutralize the supernatant.
NaCl to a final concentration 0.5 M, EDTA to a final concen-
tration 2 mM and DTT to a final concentration 1 mM were
added to the neutralized lysate.
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fast flow (Sigma) pre-equilibrated with 50 mM Tris–Cl (pH
8.0), 0.5 M NaCl and 2 mM EDTA (pH 8.0). The column
was washed with 50 mM Tris–Cl (pH 8.0), 0.6 M NaCl and
2 mM EDTA (pH 8.0). The bound proteins were eluted in
8  1.5 ml fractions of 50 mM Tris–Cl (pH 8.0), 2 M NaCl,
2 mM Na-EDTA (pH 8.0). Histones were then precipitated
by overnight incubation with 4% perchloric acid at 48C.
They were then washed in 4% perchloric acid acidified
acetone and acetone. After this they were resuspended in
ddH2O plus 0.5 mM PMSF. For SILAC experiments, histones
were mixed after purification.
4.3. Size exclusion chromatography
Histones were dialysed against refolding buffer (10 mM Tris–
Cl pH 7.5, 2 M NaCl, 1 mM EDTA, 5 mM b-mercaptoethanol).
The supernatant was concentrated using an Amicon Ultra-0.5
centrifugal filter 10 K NMWL. SEC was performed on a GE
Superose 200 increase 300/10 column controlled by an Akta
System; 0.5 ml fractions were collected.
4.4. SDS-PAGE and immunoblotting
For SDS-PAGE and western blotting 18% SDS were run
at 200 V, constant current. SDS polyacrylamide gels were
stained with Coomassie Instant Blue (Expedeon). For western
blotting, proteins were transferred onto nitrocellulose mem-
brane (GE Healthcare) by wet transfer at 200 mA for 2 h.
Membranes were blocked in 5% milk. Primary antibodies
were rabbit anti-phospho-histone H3 threonine 3 (H3T3ph)
(Millipore) and rabbit anti-phospho-histone H3 serine 10
(H3S10ph) (Cell Signalling Technologies), which were used
at 1 : 1000 dilution, and rabbit anti-histone H4 (Abcam),
which was used at 1 : 5000 dilution. The secondary antibody
was IRDye 800CW goat anti-rabbit (Licor) which was used at
1 : 10 000 dilution. The membranes were imaged using a Licor
Odyssey infrared imaging scanner.
4.5. Mass spectrometry analysis of histones
4.5.1. Derivatization and enzymatic digestion of histones
SP Sepharose-purified histones were subjected to a propio-
nic anhydride derivatization as previously described [52].
Briefly, histones were resuspended in 1 M ammonium bicar-
bonate (ABC, pH 8.0) and propionic anhydride 1 : 60 (v/v)
propionic anhydride : protein was added. After vortexing
and spinning, samples were incubated for 30 min at 518C.
This propionylation step was repeated once. The pH was con-
trolled and adjusted to 8.0 if necessary. After the second
propionylation reaction, samples were dried down in a
Speedvac concentrator, resuspended in 100 mM ABC and
digested in-solution with trypsin 1 : 20 (wt/wt) trypsin :
protein ratio overnight at 378C. Peptides were then desalted
using in-house manufactured StageTips [53], dried down
in a Speedvac concentrator and resuspended in 0.1% FA
before LC-MS/MS analysis.
4.5.2. LC-MS/MS analysis
Liquid chromatography for all LC-MS/MS runs was per-
formed on an EASY-nLC 1000 liquid chromatography system(Thermo Scientific) coupled to a Q Exactive Plus mass spec-
trometer (Thermo Scientific) via modified NanoFlex sources
(Thermo Scientific). Peptides were loaded onto 250-mm 
75-mm PicoFrit (C18 2 mm medium) analytical columns (New
Objective) at a maximum pressure of 800 bar. Solutions A
and B for the UPLCswere 0.1% formic acid in water and aceto-
nitrile, respectively. Samples were loaded in 0.1% formic acid
in water to maximize retention of highly hydrophilic peptides.
Gradients varied slightly in length (90–150 min) and mixture,
and may be extracted from the respective raw files. In general,
they incorporated a linear gradient from very low or zero
per cent B to 20 or 30% for 65–100 min, followed by a steeper
phase and a wash. This length of gradient was maintained
despite the relative simplicity of the proteinmixture to improve
the resolution and identification of as many modified peptide
forms as possible, including those of low abundance. Full-
scan MS spectra were acquired from over an m/z range of
300–1800 at 70 000 resolution, AGC targets were set to
3 000 000 ions, maximum injection time was 100 ms. MS2
acquisition varied slightly in resolution,AGC target,maximum
injection time, and may be extracted from the respective raw
files. In general, up to five data-dependent HCD fragmentation
MS2 spectra were acquired at a resolution up to 70 000. AGC
target for MS2 was set up to 1 000 000 ions. To reach this
target, long MS2 injection times were allowed (up to 500 ms).
Unassigned, singly-charged or greater than þ8-charged ions
were rejected and the dynamic exclusion option was enabled
(duration: up to 40 s).
4.5.3. Data analysis
Raw files were analysed with MAXQUANT proteomics suite of
algorithms (v. 1.5.3.17) [34], integrated with the search engine
Andromeda [54].
The data were searched against a chicken histone database
(generated from a chicken proteome database downloaded on
09.10.2015 from UniProt) with the following parameters: the
maximum allowed mass deviation was set to 4.5 ppm for pre-
cursor ions and 20 ppm for fragment ions; the minimum
peptide length was set to 6 amino acids; the maximum number
ofmissed cleavages was set to 5 with themaximum charge state
6; multiplicity was set to 2 with Lys8/Arg10 as the heavy label
and max. labelled AAs were set to 7. Variable modifications
included acetylation (Protein N-term and K), methylation
(KR), di-methylation (KR), tri-methylation (K), phosphorylation
(STY), GlyGly (K)—ubiquitylation remnant on lysine residue
after trypsin digestion—and propionylation (K). FTMS top
peaks per 100 Da were set to 20.
In-house scripts were used to perform bioinformatic analy-
sis of the MAXQUANT processed data. Briefly, for figure 1c, the
‘ProteinGroups.txt’ table was loaded and filtered for ‘Potential
contaminant’= ‘þ’, ‘Reverse’= ‘þ’, ‘Only identified by site’
= ‘þ’ and ‘Razorþunique peptides’. 2. Intensities and ratios
were log10 and log2 transformed, respectively. For figure 2c,
‘Acetyl (K)Sites.txt’, ‘Methyl (KR)Sites.txt’, ‘2Me (KR)Sites.txt’,
‘3Me (K)Sites.txt’, ‘Phospho (STY)Sites.txt’ and ‘GlyGly
(K)Sites.txt’ tables were loaded and filtered for ‘Potential
contaminant’= ‘þ’, ‘Reverse’= ‘þ’, ‘Localization proba-
bility’. 0.95 and ‘Score’. 80. Remaining sites were further
validated in a manual fashion. Sites not supported by more
than two confident spectra (Score. 80 and correct assignment
of the modification) were discarded. An additional filtering
step was performed. As depicted in figure 2c, H3T3ph,
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mitotic cells. Therefore, interpretation of the SILAC ratio of
any mark coexisting with the above-mentioned modifications
is difficult to interpret. For instance, most of the evidences
(and all of them in some cases) for H3R2(me), H3K4(me),
H3K4(me2), H3R8(me2), H3K9(ac), H3K9(me), H3K9(me2),
H3K9(me3), H3K14(ac), H3R26(me2), H3K27(me),
H3K27(me2), H3K27(me3), H3S31(ph) and H3K36(me2) are
from peptides that also contain H3T3ph, H3S10ph or
H3S28ph and, therefore, were also filtered from the list.
Finally, ratios of filtered marks were log2 transformed and
plotted as heat-maps, where histone variants were grouped
together for clarity, although these are kept separate in the
data tables. l.7:1700764.6. Mass spectrometry for size exclusion
chromatography purified histone samples
Protein samples were run on a gel and visualized by staining.
The stained gel lanes were excised and de-stained and proteins
were digested with trypsin, as previously described [55].
Following digestion, samples were diluted with equal
volume of 0.1% TFA and spun onto StageTips as described
in Rappsilber et al. [53]. Peptides were eluted in 40 ml of 80%
acetonitrile in 0.1% TFA and concentrated down to 1 ml by
vacuum centrifugation. Samples were then prepared for LC-
MS/MS analysis by diluting them to 5 ml with 0.1% TFA. MS
analysis was performed on an OrbitrapTM FusionTM
LumosTM tribridTM mass spectrometer (Thermo Fisher Scienti-
fic, UK) coupled online to Ultimate 3000 RSLCnano Systems
(Dionex, Thermo Fisher Scientific, UK). Peptides were separ-
ated by a PepMapTM RSLC C18 EasySpray column (2 mm,
100 A˚, 75 mm  50 cm) (Thermo Fisher Scientific), operating
at 508C. Mobile phase A consisted of 0.1% formic acid in
water while mobile phase B consisted of 80% acetonitrile and
0.1% formic acid. Peptides were loaded onto the column at a
flow rate of 0.3 ml min21 and eluted at a flow rate of
0.2 ml min21 according to the following gradient: 2–40%
buffer B in 140 min, then to 95% in 11 min. The percentage of
buffer B remained at 95 for 5 min and returned back to 2
after one minute. FTMS spectra were recorded at 120 000 resol-
ution (scan range 350–1500 m/z) and the peaks with charge
greater than or equal to 2 of the MS scan and with an isolation
window of 1.4 Thomson were selected and fragmented by
higher collisional energy dissociation (HCD) [56] with normal-
ized collision energy of 30. For both MS and MS2 scans, the
maximum injection time was set to 50 ms. The AGC targets
for MS and MS2 scan were 4.0  105 and 2.5  104, respect-
ively. The dynamic exclusion was set to 60 s.
The MAXQUANT software platform [34] v. 1.5.2.8 was used
to process the raw files and search was conducted against the
complete Gallus gallus proteome (Uniprot, May 2017), using
the Andromeda search engine [54]. For the first search, peptide
tolerance was set to 20 ppm while for the main search peptide
tolerance was set to 4.5 ppm. Isotope mass tolerance was
2 ppm and maximum charge was 7. Digestion mode was set
to specific with trypsin allowing maximum of two missed
cleavages. Carbamidomethylation of cysteine was set as fixed
modification. Oxidation of methionine was set as variable
modification. Peptide and protein identifications were filtered
to 1% FDR. Absolute protein quantification was determined
using the iBAQ algorithm [57].4.7. DNA preparation for chromatin reconstitution
pUC18 containing 25 repeats of the 197-bp Widom 601
sequence (601-197-25) was digested with EcoRV (NEB) to sep-
arate the nucleosomebinding array from the plasmid backbone.
4.8. Chromatin reconstitution
Histone loading onto DNA was achieved by a modified salt
gradient method [37]. DNA (0.67 mg ml21) was dialysed
together with a titration series of 0.5, 0.8, 1.1, 1.4, 2.0 molar
ratio of histone octamers to DNA. Interphase histones had
a concentration 0.85 mg ml21, mitotic histones had a concen-
tration 0.732 mg ml21. Chromatin assembly was obtained by
overnight dialysis at 48C in 20 mM HEPES pH 6.5, 5 mM
EDTA, 5 mM b-mercaptoethanol, in the presence of a linearly
decreasing gradient of KCl, starting at 2 M and ending up at
0 M. Following completion of the gradient, a final 2 h dialysis
into fresh low salt buffer was carried out.
4.9. Digestion with BsrBI
The degree of reconstitution was monitored by digesting the
resulting chromatin with BsrBI (NEB) in CutSmart Buffer at
378C.The digestionproductswere visualized byelectrophoresis
on a 1% agarose gel.
4.10. Digestion with AvaI
The degree of reconstitution was confirmed by digesting the
resulting chromatin with AvaI (NEB) in CutSmart Buffer at
378C.The digestionproductswere visualized byelectrophoresis
on a 5% acrylamide (37.5 : 1) gel in 0.2 TBE buffer.
4.11. Micrococcal nuclease digestion of chromatin
Reconstituted chromatin was fixed with 0.375% formal-
dehyde for 15 min at room temperature, before addition of
CaCl2 to a final concentration of 5 mM; 1 U of microccocal
nuclease (Worthington) was used for each reaction. Digestion
was performed on ice in a buffer containing 50 mM Tris–Cl
pH 7.6, 5 mM CaCl2, 0.5 mM PMSF, for the indicated time
periods, and the reaction was stopped by the addition of
excess EGTA. The resulting material was then treated with
proteinase K and SDS and incubated at 508C overnight
prior to electrophoresis in a 1% agarose gel and staining
with ethidium bromide.
4.12. Hoechst dye staining
Reconstituted chromatinwas incubated on ice+10 mMMgCl2
for 15 min prior to adsorption to poly-L-lysine-coated cover-
slips for 15 min. The coverslips were then stained with
Hoechst dye and mounted on slides using Vectashield
(Vector Labs). The microscope images were acquired on a Del-
taVision Core system (Applied Precision) using an inverted
Olympus IX-71 stand, with an Olympus UPlan SApo 100
oil immersion objective (numerical aperture (NA) 1.4) and
LED illumination. Camera (Photometrics Cool SnapHQ), shut-
ter and stage were controlled using SOFTWORX (Applied
Precision). Z-series were collected with a spacing of 0.2 mm,
and image stacks were subsequently deconvolved in
SOFTWORX. Immunofluorescence signals in deconvolved
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tutes of Health, Bethesda, MD, USA).
4.13. Preparation of atomic force microscopy samples
Freshly cleaved mica was silanized by evaporation of
(3-aminopropyl)triethoxysilane (APTES; Sigma) in a vacuum
chamber [39] for 2 h; 60 ml chromatin samples containing
0.3 mg ml21 DNA were left to adsorb onto the slides for
15 min. The slides were then rinsed with BPC grade H2O and
dried. An AFM Veeco Nanoman VS with Dimension 3100
controller was used with an NSG10 tip for all measurements
(NT-MDT). Images were acquired using tapping mode in air.
Images were acquired at 1.19 Hz, 1024 lines/scan. Integral
gain: 0.2, proportional gain: 1. Micrographs were generated
using NANOSCOPE v. 3.20 (Veeco) and processed using the
GWYDDION v. 2.31 software program to remove horizontal
lines and scars.
4.14. Transmission electron microscopy
Reconstituted chromatin was fixed with 0.375% formaldehyde
at 378C for 15 min. The reaction was stopped by quenching
with Tris–Cl. The A260 of the chromatin was measured and
it was diluted in buffer so that the final A260 would be 0.06
or 0.04, and equal for all samples. The lower concentration
was used for quantitation experiments because individual
particles could be more clearly resolved under these con-
ditions. BAC (Sigma) was added to the chromatin to a
concentration of 2  1024% (v v21). Themixturewas incubated
at room temperature for 30 min. The chromatin was spread on
formvar/carbon-coated copper grids (TAAB). The grids were
washed with ddH2O and 90% ethanol and allowed to dry.For contrast enhancement the grids were rotary shadowed
by a Leica ACE600 at a pressure of 1–2.5  10–5 mbar. Rotat-
ing samples were coated with 2 nm platinum (measured by a
quartz sensor) at an elevation angle of 78. The grids were
examined by a JEOL JEM-1400 Plus TEM, operated at 80 kV,
at 20 000 magnification. Electron micrographs were acquired
using a GATAN OneView camera. The resulting images were
examined using DIGITAL MICROGRAPH and IMAGEJ software.
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